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A ABSTRACT 

The experiment technique most usefu l  i n  studying upper atmosphere, 

three-body reac t ions  i s  t h e  discharge flow system. The ove ra l l  reac t ion  

rate c o e f f i c i e n t s  of three-body r eac t ions  forming molecular nitrogen, 

n i t r i c  oxide, oxygen, n i t rogen  dioxide, carbon dioxide, and ozone are 

tabula ted .  The rate coe f f i c i en t s  of three-body r eac t ions  t h a t  lead t o  

t h e  emission of l i g h t  have values between 0.001 and 5$ of the ove ra l l  

rate coe f f i c i en t s .  The reac t ion  mechanisms t h a t  l e a d  t o  l i g h t  emission 

almost always involve an intermediate s t a t e .  Recent experimental ev i -  

dence chal lenges the  necess i ty  of a c o l l i s i o n  i n  converting t h e  i n t e r -  

mediate state i n t o  t h e  l igh t -emi t t ing  state.  The only three-body 

r eac t ions  t h a t  are important i n  determining t h e  p a r t i c l e  dens i ty  i n  t h e  

e a r t h ' s  upper atmosphere are the r eac t ions  t h a t  form molecular oxygen 

and ozone. The presence of n i t r i c  oxide bands i n  t h e  n ight  airglow of 

a p l ane t  i s  a s e n s i t i v e  tes t  of t h e  atomic ni t rogen densi ty .  Three-body 

r eac t ions  t h a t  cont r ibu te  t o  the night  airglow of t h e  e a r t h  are the  

recombination of atomic oxygen t o  form molecular oxygen and the  recombi- 

na t ion  of n i t r i c  oxide and atomic oxygen t o  form ni t rogen dioxide. 

A 



The e x c i t a t i o n  of the 5577 A l i n e  requi res  a c o l l i s i o n  between an 

oxygen atom and an exc i t ed  oxygen molecule a s  an intermediate  s tep .  

Laboratory experiments have provided ove ra l l  r a t e  c o e f f i c i e n t s  t h a t  

a r e  usefu l  i n  upper atmosphere ca lcu la t ions ,  but  many of t h e  labora tory  

measurements of t h e  chemiluminescent reac t ions  a r e  inappl icable  because 

of t h e i r  having been conducted a t  p ressures  t h a t  a r e  higher  than t h e  

upper atmosphere pressures .  
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INTRODUCTTON 

When the  atoms i n  the  upper atmosphere recombine, t he  

recombination takes  place through a three-body r eac t ion  i n  many 

cases.  The t h i r d  body i s  necessary t o  enable t h e  r eac t an t s  simul- 

taneously t o  conserve both energy and momentum. The d e t a i l s  of 

the recombination depend upon the p o t e n t i a l  energy curves of t he  

ind iv idua l  molecules t h a t  a r e  accessible  t o  t h e  recombining atoms. 

Three-body recombinations t h a t  a re  of i n t e r e s t  i n  t h e  e a r t h ' s  upper 

atmosphere l e a d  t o  t h e  formation of molecular oxygen, molecular 

nitrogen, n i t r i c  oxide, ozone, ni t rogen dioxide, and carbon dioxide. 

These reac t ions  w i l l  be discussed here.  It w i l l  t u r n  out t h a t  one 

of the  most important aspec ts  of three-body r eac t ions  are t h e  two- 

body r eac t ions  tha t  accompany them. 

It i s  the  in t en t ion  of t h i s  review i n i t i a l l y  t o  discuss  

labora tory  experimental technique, then t o  review t h e  labora tory  

results on ove ra l l  r eac t ion  r a t e s ,  t o  examine i n  d e t a i l  t h e  three-  

body reac t ions  tha t  l ead  t o  the emission of l i g h t ,  and f i n a l l y  t o  

apply the labora tory  r e s u l t s  t o  t h e  e a r t h ' s  upper atmosphere and t h e  

n ight  airglow. This review takes advantage of t he re  being two reviews 

on the experimental work on atomic oxygen r eac t ions  by KAUFMAN (1961) 

and KAUFMAN and KELSO (1961). 

published t h e  proceedings of a DISCUSSION of the  FARADAY SOCIETY (1962) 

I n  addi t ion ,  there r ecen t ly  have been 
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devoted t o  i n e l a s t i c  c o l l i s i o n s  of atoms and simple molecules and a 

symposium arranged by t h e  STANFORD RESEARCH INSTITUTE (1961) on 

chemical r eac t ions  i n  the  lower and upper atmosphere. 

EXPERIMENTAL TECHNIQUE 

An experimental technique t h a t  is  p a r t i c u l a r l y  useful  i n  measur- 

ing ove ra l l  r eac t ion  r a t e s  of three-body recombinations i s  t h e  discharge 

flow system. A ty-pical arrangement is depicted i n  Fig. 1. A molecular 

gas i s  pumped a t  low pressure through an e l e c t r i c a l  discharge which i n  

many cases  is  generated by microwaves. The atoms t h a t  a r e  produced 

i n  t h e  discharge a re  pumped down t h e  r eac t ion  tube.  I n  some experiments 

a second gas i s  added t o  the  atom stream through a t i t r a t i o n  i n l e t .  For 

three-body r eac t ions  t h a t  produce l i g h t ,  t he  rate of decay of t h e  atoms 

i n  t h e  r eac t ion  tube may be measured with a combination of photomulti- 

p l i e r  tubes and f i l t e rs  t h a t  may be moved the  length of t he  tube. The 

emission of t h e  first pos i t i ve  bands of molecular ni t rogen have been 

used t o  measure the recombination ra te  of atomic ni t rogen (HARTECK, e t  

a l . ,  1958a). 

po r t iona l  t o  the  product of the atomic n i t rogen  dens i ty  and t h e  atomic 

oxygen densi ty ,  while t h e  i n t e n s i t y  of t h e  f i rs t  p o s i t i v e  bands i s  pro- 

po r t iona l  t o  t h e  square of t h e  n i t rogen  atom densi ty ,  the  r a t i o  of t he  

beta  bands t o  the  f i r s t  pos i t ive  bands gives  t h e  r a t i o  of t h e  number of 

oxygen atoms t o  t h e  number of ni t rogen atoms. The simultaneous observa- 

t i o n  of these  two emissions permits t h e  measurement of the three-body 

recombination of atomic nitrogen t o  form molecular ni t rogen,  atomic 

Since t h e  emission of the  n i t r i c  oxide be ta  bands is pro- 
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ni t rogen  and oxygen t o  form n i t r i c  oxide, and atomic oxygen t o  form 

molecular oxygen over a wide range of experimental  condi t ions  (BARTH, 

1961a). 

duces a green af terglow has been used t o  measure both the  rate of the  

n i t r i c  oxide-atomic oxygen three-body r eac t ion  (KAUFMAN, 1958) and 

the  three-body atomic oxygen r eac t ion  (MORGAN and SCHIFF, 1963). Experi 

mental techniques i n  which the  atom disappearance rates are measured 

using f ixed-pos i t ion ,  mul t ip le  t i t r a t i o n  nozzles and isothermal  c a l o r i -  

metr ic  de t ec to r s  a r e  reviewed by KAUFMAN (1961). 

The r eac t ion  between n i t r i c  oxide and atomic oxygen which pro-  

Typical dimensions and physical  condi t ions i n  the  l abora to ry  

experiments on atom reac t ions  are  given i n  Table 1. 

l ies  between 0.1 and 10 mm Hg and the  diameter of t he  r e a c t i o n  tube i s  

usua l ly  between 10 and 50 mm. The p a r t i c l e  d e n s i t i e s  and c o l l i s i o n  

f requencies  for these  condi t ions are shown i n  Table 1. I n  order  t o  

enhance three-body reac t ions  and minimize wal l  c o l l i s i o n s ,  t h e  exper i -  

ments are usua l ly  run a t  pressures  t h a t  a r e  a s  high a s  poss ib le .  This 

necess i ty  leads the  labora tory  experimenter away from the  pressures  and 

phenomena t h a t  a r e  appropr ia te  t o  the  upper atmosphere. 

The pressure  range 

I n  order  t o  determine reac t ion  rates from the measurements of 

l i g h t  i n t e n s i t y  along the  tube,  it i s  necessary t o  t ake  i n t o  account 

the flow r a t e  and the  pressure of t he  r eac t ing  gases. 

cedure and the  l i m i t a t i o n s  on the technique a r e  discussed by KAUFMAN 

(1961). 

The proper pro- 

Another f a c t o r  t h a t  needs t o  be c o r r e c t l y  taken i n t o  account 

when determining a p a r t i c u l a r  reac t ion  r a t e  c o e f f i c i e n t  is  the  consump- 

t i o n  of the  r eac t ing  atoms by competing reac t ions .  The usual procedure 
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i s  t o  e l imina te  t h e  competing reac t ions  by experimental ly  removing the  

impur i t ies  causing the  reac t ions .  I n  many cases ,  t h i s  i s  n e i t h e r  neces- 

s a ry  nor des i rab le .  I n  t h e  measurement of t he  three-body r eac t ion  

between atomic n i t rogen  and atomic oxygen, e i g h t  o the r  r eac t ions  involv- 

ing  these  spec ies  and t h e i r  products occur concurrent ly .  I n  s i t u a t i o n s  

such a s  t h i s ,  it i s  convenient t o  wr i t e  t h e  d i f f e r e n t i a l  equat ions 

descr ib ing  a l l  nine r eac t ions  and in t eg ra t e  them on a high-speed d i g i t a l  

computer (BARTH, 1961a). The experimentally-determined decay r a t e s  of 

t h e  atoms may be compared t o  the computer so lu t ions ,  and t h e  rate coef- 

f i c i e n t s  ad jus t ed  u n t i l  s a t i s f a c t o r y  agreement i s  obtained. An example 

of such a ca l cu la t ion  is shown i n  Fig. 2. The i n t e g r a t i o n  w a s  performed 

f o r  one second of r e a c t i o n  time f o r  a mixture of 2 x 1015 oxygen atoms 

14 cm-3, 1 x 10 

and 5 x 10’’ n i t r i c  oxide molecules 

n i t rogen  atoms cm-3, 2 x 1 0 ~ 7  ni t rogen  molecules cm-3, 

The atoms combine, forming 

molecular oxygen and ozone which p a r t i c i p a t e  i n  t h e  subsequent reac t ions .  

The f i g u r e  a l s o  shows the  so lu t ions  of two a n a l y t i c  approximations t o  

t h e  rate equations and ind ica t e s  how, t o  varying degrees, they d i f f e r  

from the co r rec t  so lu t ion .  The computer so lu t ions  make it unnecessary 

f o r  experimental  condi t ions t o  be made t o  f i t  s i t u a t i o n s  f o r  which the re  

are exac t  a n a l y t i c  so lu t ions .  

Fig. 2 a lso i l l u s t r a t e s  an  experimental s i t u a t i o n  where atomic 

oxygen reac t ions  may be s tudied without i n t e r f e rence  from l a rge  numbers 

of oxygen molecules. 

are produced by t i t r a t i n g  a I$ mixture of n i t rogen  atoms i n  ni t rogen 

molecules with 1% n i t r i c  oxide. The oxygen atoms a r e  formed rap id ly  

The 1% mixture of oxygen atoms i n  ni t rogen molecules 



while the  oxygen molecules and ozone are produced more l e i s u r e l y .  The 

number of oxygen molecules never exceeds one-half t he  number of oxygen 

atoms t h a t  were p resen t  i n i t i a l l y .  This technique has been used i n  t h e  

s tudy of t h e  5577 A l i n e  and the molecular oxygen Herzberg bands (BARTH 

and PATAPOFF, 1962). 

An experimental  arrangement t h a t  i s  usefu l  i n  measuring t h e  l i gh t  

emission from three-body reac t ions  is  shown i n  Fig. 3. The atoms are 

once again produced i n  a discharge flow system. 

pressure  t o  an observat ion tube where simultaneous measurements of t h e  

atom dens i ty  and t h e  l i g h t  emission a r e  made. The o p t i c a l  observat ions 

may be made with e i t h e r  a spectrometer o r  a combination of f i l t e r s  and 

photomult ipl iers .  I n  t h e  apparatus shown, t h e  atoms are measured wi th  

an e l e c t r o n  paramagnetic resonance spectrometer (BARTH, e t  a l . ,  1962). 

Fig. 4 shows t h e  results of t h e  simultaneous observat ions of t he  n i t r o -  

gen f i r s t - p o s i t i v e  bands, the  n i t r i c  oxide be ta  bands, and the  dens i ty  

of atomic n i t rogen  and oxygen when n i t r i c  oxide i s  added t o  a n i t rogen  

afterglow. The first p o s i t i v e  bands are propor t iona l  t o  the  square of 

t h e  atomic ni t rogen dens i ty  and the  beta  bands a r e  propor t iona l  t o  t h e  

product of atomic n i t rogen  and atomic oxygen (KAPLAN, e t  al.,  1960). 

This technique permits  t h e  measurement of i n t e n s i t y  vs. atom dens i ty  

over a range of pressures .  

They a r e  pumped a t  low 

Other authors  have used t i t r a t i o n  techniques t o  measure the  atom 

d e n s i t y  while measuring t h e  l i g h t  output wi th  photomult ipl iers  (see 

K A ~ ,  1961). 



THREE-BODY REACTION RATES 

The r a t e  coe f f i c i en t s  of six three-body r eac t ions  t h a t  a r e  

important i n  aeronomy a re  tabula ted  i n  Table 11. The r e s u l t s  t h a t  a r e  

quoted were se l ec t ed  on the  bas i s  t h a t ,  i n  t he  view of t h e  reviewer, 

the  experimental  technique had the  most chance of producing r e s u l t s  t h a t  

would be d i r e c t l y  appl icable  t o  the upper atmosphere. This has meant 

experiments t h a t  were performed a t  low temperatures and a t  pressures  

t h a t  were as low as possible .  These c r i t e r i a  have l e d  almost uniformly 

t o  experiments using the  discharge flow system. 

the  s t i r r e d - r e a c t o r  experiments on carbon monoxide and atomic oxygen 

by MA" and SOLO (1962), where it was thought t h a t  because of t h e  t e m -  

pera ture  range s tud ied  the  results might be of use i n  t h e  chemistry of 

the atmosphere of Venus. 

a r e  reviewed by KAUF" (1961). 

The s o l e  except ion is 

Results from experiments using o t h e r  techniques 

The t a b l e  lists seve ra l  experimental r e s u l t s  f o r  each reac t ion ,  

s ince  each of t h e  reac t ions  has been s tud ied  by d i f f e r e n t  workers with 

a v a r i e t y  of techniques.  

t h e  "best." All o the r  t h ings  being equal,  t he  smal les t  value may be 

c l o s e s t  t o  the value the  reac t ion  would have i n  the  upper atmosphere. 

No attempt i s  made t o  eva lua te  which value i s  

The r a t e  c o e f f i c i e n t s  l i s t e d  a r e  f o r  t he  r a t e s  of atom loss;  

thus  i f ,  

X + X t M  + X 2 + M  

then 

= - 2k [Xi2 [MI 
d [XI 
d t  

6 -2 -1 where k i s  the rate coe f f i c i en t  i n  u n i t s  of cm molecules sec  . 
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The c o e f f i c i e n t s  i n  Table I1 a r e  the rate c o e f f i c i e n t s  of t h e  o v e r a l l  

r eac t ion  t h a t  leads  t o  the  formation of the molecule, bu t  t h e  coef- 

f i c i e n t  does not spec i fy  the  e l ec t ron ic ,  v ib ra t iona l ,  or r o t a t i o n a l  s t a t e  

I of t h e  r e s u l t i n g  molecule. The pressure range over which t h e  experiment 

was conducted i s  l i s ted  along with the  temperature. The range of these  

parameters i s  very l imi ted .  

Five three-body reac t ions  t h a t  l e a d  t o  the  emission of l i g h t  a r e  

l i s t e d  i n  Table 111. All of these chemiluminescent r eac t ions  are poten- 

t i a l  con t r ibu to r s  t o  t h e  n ight  airglow of the e a r t h  and o t h e r  p lane ts .  

The r a t e  c o e f f i c i e n t s  l i s ted  i n  t h i s  case are t h e  e f f e c t i v e  c o e f f i c i e n t s  

f o r  l i g h t  emission. Where the  complete i n t e r a c t i o n  proceeds as a three-  

body reac t ion ,  the  c o e f f i c i e n t  i s  given i n  u n i t s  of cm 

and where the  i n t e r a c t i o n  is  e f f e c t i v e l y  a two-body reac t ion ,  t he  coef- 

f i c i e n t  is given i n  u n i t s  of c m  molecules sec  . The c o e f f i c i e n t s  

are given for each of t h e  band systems or continua t h a t  were measured. I n  

addi t ion ,  the  f r a c t i o n  of t he  reac t ions  t h a t  r e s u l t  i n  t he  emission of l i g h t  

ou t  of the t o t a l  number of reac t ions  i s  given. The value v a r i e s  between 

5% and O.OOl($ f o r  t h e  cases  l i s t e d  a t  an e f f e c t i v e  pressure  of 3 mm Hg. 

The pressure a t  which t h e  measurements were made i s  a l s o  l i s t e d .  In  a l l  

cases ,  the absolute  i n t e n s i t y  ca l ib ra t ion  was performed by comparing the  

emission being s tud ied  t o  t h a t  of the green continuum from t h e  n i t r i c  

oxide-atomic oxygen reac t ion .  This r eac t ion  has  been measured quant i -  

t a t i v e l y  by th ree  groups of workers by both chemical and photometric 

techniques.  It should be rea l ized ,  however, t h a t  t h e  fundamental stand- 

a r d s  for  measuring the number of l i g h t  quanta emi t ted  and f o r  measuring 

6 molecules-2 sec- l ;  

3 -1 -1 
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the number of atoms r eac t ing  a r e  qu i t e  d i f f e r e n t .  

between the  r a t e  f o r  photons emitted t o  t h e  rate of atoms removed is  

subjec t  t o  l a rge  systematic e r ro r s .  

Thus, any comparison 

THREE - BODY RECOMBINATION MECHANISMS 

All of the  r eac t ions  l i s t e d  i n  Table I11 requi re  severa l  s t e p s  

These intermediate r eac t ions  t o  l ead  t o  the  f i n a l  emission of l i g h t .  

include col l is ion-induced t r a n s i t i o n s  and deact ivat ions.  These are t h e  

important two-body processes involved i n  a three-body chemiluminescent 

reac t ion .  

The c l a s s i c  r eac t ion  of t h i s  type i s  t h e  ni t rogen afterglow. The 

emission of the  ni t rogen f i r s t - p o s i t i v e  bands from the  recombination of 

n i t rogen  atoms owes i t s  modern in t e rp re t a t ion  t o  t h e  work of Kistiakowsky 

and h i s  s tudents  (BERKOWITZ, e t .  a l . ,  1956; BAYES and KISTIAKOWSKY, 1958; 

KISTIAKOWSKY and WARNECK, 1957). 

body r eac t ion  t o  form a nitrogen molecule i n  a 5Z s t a t e .  

n i t rogen  molecules then co l l i des  with another  body and undergoes a t r a n s -  

i t i o n  i n t o  the  B% state or, a l t e rna te ly ,  it is simply deactivated.  The 

ni t rogen molecule i n  the  B% state then e i t h e r  r a d i a t e s  t he  f i r s t - p o s i -  

t i v e  bands or i s  deact ivated by another c o l l i s i o n .  These reac t ions  may , 

be expressed by t h e  following equations,where t h e  chemical symbol M s tands  

f o r  any molecule, 

The n i t rogen  atoms recombine i n  a th ree -  

This exc i t ed  

5 
kl€l N + N + M -c N2 ( C) + M 

N2 (5Z) + M -+ N2 ( B % )  + M 

N2 ( C )  + M  -+ N 2 + M  

k l b  

5 
k l c  

N2 ( B % )  + N2 + h 3  

N2 (A) + M --t N2 + M 
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hV represents  photons of t he  f i r s t  p o s i t i v e  bands, t he  k ' s  are t h e  

var ious r a t e  coe f f i c i en t s ,  and A 

f i rs t  p o s i t i v e  bands. 

i s  t h e  t r a n s i t i o n  p r o b a b i l i t y  of t he  1 

An energy-level diagram of molecular n i t rogen  is 

given i n  Fig. 5 .  The i n t e n s i t y  of t h e  f i r s t - p o s i t i v e  bands i n  terms of 

t h e  rate c o e f f i c i e n t s  and p a r t i c l e  d e n s i t i e s  i s  given i n  t h e  fol lowing 

expression:  

where I i s  the i n t e n s i t y  i n  photons cm'3 sec - l  and the  symbols i n  square 

bracke ts  represent  p a r t i c l e  d e n s i t i e s  i n  atoms o r  molecules cme3. 

I n  some unpublished work by the  author  and M. Patapoff using the  

apparatus  shown i n  Fig. 3, t he  i n t e n s i t y  of t h e  f irst  p o s i t i v e  bands 

w a s  found t o  be independent of pressure between 1 and 5 mm Hg. 

and SHARPLFSS (1963) have reported t h a t  t h i s  emission i s  pressure  inde- 

pendent between 1 and 80 mm Hg. These observat ions requi re  t h a t  i f  t he  

r eac t ions  i n  equat ions 3-7 a r e  a proper explanat ion of t he  n i t rogen  

afterglow, the  denominator i n  equation 8 has t o  f u l f i l l  t he  fol lowing 

condi t ion  : 

YOUNG 

I 

Since t h e  lowest pressure where t h e  pressure  independence was observed 

w a s  1 mm Hg, [MI = 3 x 

kld may not be l a r g e r  than  10 

molecules cmm3. The deac t iva t ion  c o e f f i c i e n t  

- 10 cm3 sec- l ,  hence t h i s  r equ i r e s  t h a t  t he  

t r a n s i t i o n  p robab i l i t y  A must be less than 3 x 10 6 sec  -1 . If f u r t h e r  1 



-12- 

labora tory  experiments show t h a t  the deac t iva t ion  c o e f f i c i e n t  o r  the  

t r a n s i t i o n  p robab i l i t y  exceeds these l i m i t s ,  then Kistiakowsky’s idea 

of a col l is ion-induced t r a n s i t i o n  has t o  be given up. 

The e f f e c t i v e  rate coe f f i c i en t  l i s t e d  i n  Table I11 f o r  t h e  emis- 

s ion  of t h e  f i r s t - p o s i t i v e  bands, kl, is  equal  t o  t h e  fol lowing combina- 

t i o n  of t h e  c o e f f i c i e n t s  from equation 8: 

Another three-body chemiluminescent r eac t ion  of long-standing 

i n t e r e s t  i s  t h e  recombination of atomic oxygen and atomic n i t rogen  t o  

form n i t r i c  oxide, and the  consequent emission of t he  beta ,  gamma, and 

d e l t a  bands. These bands have been observed i n  the n i t rogen  af terglow 

s ince  t h e  discovery of that phenomenon. 

r e a l i z e d  t h a t  t he  three-body recombination of atomic oxygen and atomic 

n i t rogen  leads  t o  the  emission of the beta ,  gamma, and d e l t a  bands of 

n i t r i c  oxide i n  a manner t h a t  is  analogous t o  the  emission of t h e  first 

p o s i t i v e  bands i n  the  ni t rogen af terglow (BARTH, e t  a l . ,  1959). 

recombining atoms form a n i t r i c  oxide molecule i n  a 2C s t a t e .  

sequent c o l l i s i o n  induces a t r a n s i t i o n  t o  the  B% state from which the  

b e t a  bands radiate. This mechanism may be represented by t h e  following 

r eac t ions :  

Rela t ive ly  r e c e n t l y  it has been 

The 

A sub- 

N + O + M - + N O ( 2 C )  + M  

NO (2C) + M + NO (B*W) + M 

NO (2C) + M -NO + M 

NO ( B 2 T )  * NO (?n) + hY 

k2b 

k2c 

A2 
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where t h e  hg i n  t h i s  case s tands f o r  beta  band photons and the  o ther  

symbols have meanings analogous t o  the  similar symbols i n  the previous 

set of equations.  An energy-level diagram of n i t r i c  oxide i s  shown i n  

Fig. 6. The i n t e n s i t y  of the  beta  bands i s  given i n  t h e  fol lowing 

expression:  

C N I  C O I  [MI 
k2a. k2b 

k2b + k2c 
I =  

I n  some add i t iona l  unpublished work, t h e  au thor  and Patapoff 

have shown t h a t  t he  i n t e n s i t y  of t h e  be ta  bands i s  d i r e c t l y  propor t iona l  

t o  pressure  over t h e  range 1 t o  6 mm & a n d  YOUNG and SHARPLESS (1963) 

r e p o r t  a l s o  t h a t  t h i s  emission is  pressure dependent above 1 mm Hg. 

The labora tory  r e p o r t  of pressure dependence of t h e  i n t e n s i t y  of t h e  

b e t a  bands obvia tes  the need f o r  a deac t iva t ion  term i n  equat ion 15. 

rate c o e f f i c i e n t  of Table I11 is  then  equal t o  t h e  following: 

The 

k =  k2a k2b 

k2b + k2c 

S t i l l  o ther  experimental  work by YOUNG and SHARPLESS (1962a) 

has  shown t h a t  t h e  d e l t a  bands of n i t r i c  oxide a r e  independent of pres -  

sure between 0.2 and 10 nun Hg. A s  i n  t he  case of t he  n i t rogen  f i r s t -  

p o s i t i v e  bands, t h e  pressure-independence chal lenges t h e  concept of a 

co l l i s ion- induced  t r a n s i t i o n  t o  br ing  the  molecule i n t o  the  upper s t a t e  

of the  emission system. The emission of t he  d e l t a  band from recombining 

n i t rogen  and oxygen atoms may be represented by t h e  following equations: 

N + 0 + M --t NO (a'v) + M 
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with  t h e  i n t e n s i t y  of the  d e l t a  bands given by: 

k2 'b  

k2 'c  

k2'd 

As i n  t h e  case of t h e  f i r s t  pos i t i ve  bands, i n  order t h a t  t he  

pressure independence be explained, the upper state of the  emission bands 

must have a l i f e t i m e  s u f f i c i e n t l y  long f o r  s i g n i f i c a n t  deac t iva t ion  t o  

t ake  place. If this  requirement cannot be m e t ,  it is  necessary t o  con- 

s i d e r  t h a t  t h e  t r a n s i t i o n  from the  a% s t a t e  t o  the  C 

equat ion 18 takes p lace  without t h e  necess i ty  of a c o l l i s i o n .  

2 s t a t e  i n  

4 
NO ( a  T) + NO (c%) k2re 

If equation (23) i s  subs t i t u t ed  fo r  equation (18) i n  the  r eac t ion  

mechanism, t h e  i n t e n s i t y  equation t akes  t h e  following form: 

I =  

If t h e  intermediate  

(lg), equat ion (24) 

s t a t e  a% i s  deac t iva ted  by c o l l i s i o n s  as  i n  equation 

does become pressure independent. The e f f e c t i v e  rate 

c o e f f i c i e n t  i n  Table I11 would then be equivalent  t o  the  following: 
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YOUNG and SHARPLESS (1963) r epor t  the n i t r i c  oxide gamma bands 

t o  have a mixed pressure  dependence. The r eac t ion  mechanism f o r  t h i s  

emission could be a combination of t he  mechanisms discussed here  p lus  

a cont r ibu t ion  from s t i l l  another reac t ion .  

The three-body recombination of atomic oxygen t o  form exc i t ed  

molecular oxygen i s  a r eac t ion  of g rea t  importance i n  the upper atmos- 

phere. The Herzberg bands and the atmospheric bands a r e  prominent a i r -  

glow f e a t u r e s  t h a t  a r i s e  from t h i s  recombination. The Herzberg bands 

were f i rs t  produced i n  the  labora tory  i n  an oxygen af terglow by BROIDA 

and dAYDON (1954) and more r ecen t ly  i n  a labora tory  source containing 

atomic oxygen a s  the  only energe t ic  spec ies  by BARTH and PATAPOFF (1962). 

The atmospheric bands were f i rs t  produced i n  the  labora tory  by KAPLAN 

(1947) and l a t e r  i n  an oxygen afterglow by BRANSCOMB (1952). 

I n  con t r a s t  t o  t he  recombination mechanisms t h a t  have been d is -  

cussed f o r  molecular n i t rogen  and n i t r i c  oxide, the  upper l e v e l s  of 

molecular oxygen emissions may be reached d i r e c t l y  by ground state oxygen 

atoms. 

atmospheric bands from b C 

diagram t h a t  shows these  l eve l s .  The e x c i t a t i o n  and deac t iva t ion  of 

the Herzberg band system may be represented by the  following r eac t ions :  

The Herzberg bands a r i s e  from the  t r a n s i t i o n  A 3 C+ - X 3 C- and the  
U g 

1 +  t o  X3C' See Fig. 7 f o r  a p o t e n t i a l  energy 
Q g' 

O + O + M  + 0 2 ( A C ) + M  3 

O2 (A'C) + M + O2 + M 

O2 ( A  C) + 0 +- O2 + M 3 

3 O2 (A C) + O2 + h'L) 

3a 
k 



3 W 3 O2 ( A  C) + wal l  + O2 

I n  add i t ion  t o  molecular deact ivat ion,  the  deac t iva t ion  of t he  exc i t ed  

molecule by oxygen atoms, reac t ion  28, i s  important. Because of the 

long lifetime of the exc i t ed  s t a t e ,  wa l l  deac t iva t ion  must  be considered 

as wel l .  The i n t e n s i t y  of t h e  Herzberg bands i n  terms of r eac t ions  

26 - 30 is  given by the following expression:  

3a PI2 [MI 
I =  k k 

l + $ [ M ]  +f 

The labora tory  r e s u l t s  by YOUNG and SHARPLESS (1963) show the  

Herzberg band emission t o  be independent of wavelength over t he  pres -  

sure  range 0.8 t o  65 mm Hg which ind ica t e s  t h a t  molecular deac t iva t ion  

dominates. Their r a t e  coe f f i c i en t  given i n  Table I11 should be equal  

t o  the  fol lowing combination of c o e f f i c i e n t s :  

'3 k3a 
k3b 

k =  

A set of r eac t ions  f o r  the e x c i t a t i o n  of the  atmospheric bands 

from oxygen atom recombination may be w r i t t e n  i n  a form analagous t o  

r eac t ions  26 - 30. YOUNG and SHARPLESS (1963) a l s o  measured t h e  emis- 

s ion  rate of t h i s  band system and found t h a t  it d id  vary wi th  pressure  

over t he  range 0.24 - 12 mm Hg. 

equat ing t h e i r  value as l i s t e d  i n  Table I11 t o  following c o e f f i c i e n t s  

der ived  from equat ion 31 and involving wa l l  deac t iva t ion .  

These resul ts  are bes t  explained by 

A31 k3 'a  k =  
3 '  
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I n  the i r  paper on the oxygen afterglow, BROIDA and GAYDEN (1954) 
3 1 suggested t h a t  a band system A C - b C was present  i n  t h e  labora tory  

afterglow and the  upper atmosphere airglow. I n  a spectroscopic study 

with higher reso lu t ion ,  BARTH and KAPLAN (1959) showed t h a t  t h i s  pro- 

posed Broida - Gayden system could not be i d e n t i f i e d  with e i t h e r  the  

labora tory  or a i r g l m  spectra .  

system B ~ A ~  - a A t o  explain some of the  unknown s p e c t r a l  f ea tu re s  

i n  the night  airglow. Some of these  same f e a t u r e s  a r e  found i n  the  

labora tory  spectrum a s  we l l  (BARTH and KAPLAN, 1959). 

CHAMEERLAIN (1958) has proposed a band 

1 
Q 

The three-body chemiluminescent r eac t ion  between n i t r i c  oxide 

and atomic oxygen has a h is tory  almost as long a s  t h a t  of t h e  ni t rogen 

afterglow. The modern quant i ta t ive  study of t h i s  r eac t ion  began wi th  

KAUFMAN (1958). More recent ly ,  BROIDA, SCHIFF, and SUGDEN (1961) and 

CLYNE and THRUSH (1962) have been proponents of a r eac t ion  mechanism 

involving a coll ision-induced t r a n s i t i o n  from a s t a b i l i z e d  intermediate 

s t a t e ,  a mechanism analagous t o  t h a t  of t h e  ni t rogen afterglow. Using 

t h e  nota t ion  and p o t e n t i a l  energy diagram Fig. 8, from BROIDA, e t  a l . ,  

(1961), t h e  mechanism may be presented by t h e  following equat ions:  

I 

NO + 0 + M --c NO2 ( C )  + M k4a (34) 

NO2 ( C )  1- M -NO2 (B)  + M k4b (35) 

NO2 ( C )  + M + DJ02 + M k4c ( 3 6 )  

NO2 ( B )  --ic NO 2 + h t r  A4 ( 3 7 )  

4d ( 3 8 )  NO2 (B)  + M --c NO, + M 
* 

The ni t rogen dioxide s t a t e s ,  B and C r e f e r  t o  l e v e l s  i n  Fig. 8. The 



hJ r e f e r s  t o  the  emission bands of the  greenish-yellow a i r  afterglow. 

The i n t e n s i t y  of t h i s  emission i n  terms of t hese  r eac t ions  i s  given by: 

The rate c o e f f i c i e n t s  reported i n  Table I11 by KAUFMAN (1958), 

FONTIJN and SCHIFF (1961) , and CLYNE and THRUSH (1962) a r e  independent 

of pressure over t h e  pressure range ava i l ab le  t o  the  labora tory  experi- 

menters 0.2 - 4.3 mm Hg. Equation (39) may be made pressure-independent 

by having r eac t ion  38 dominate r e a c t i o n  37; then  the  rate c o e f f i c i e n t  of 

Table I11 is equivalent  t o  the fol lowing:  

k4a k4b 
k4 = (k4b + k4c) k4d 

CLYNE and THRUSH (1962) suggest t h a t  t h e  r a t i o  of k / A  may be deter- 

mined independently from data  on the  n i t rogen  dioxide f luorescence 

4 d 4  

spectrum. These same experimenters r epor t  a negat ive temperature coef- 

f i c i e n t  f o r  the  che’miluminescent reac t ion .  

The chemiluminescence from the  three-body recombination of carbon 

monoxide and atomic oxygen has been long observed i n  flames and, i n  f a c t ,  

t he  emission has  been c a l l e d t h e  CO flame bands. The production of t hese  

bands from a r eac t ion  between atomic oxygen and carbon monoxide was f i r s t  

shown by BROIDA and GAMON (1953). 

because of the  p o s s i b i l i t y  of i t s  occilrrence i n  the  night  airglow of Mars 

and Venus. 

and SOLO (1962) have shown the chemiluminescent r eac t ion  t o  be pressure  

independent. 

This r eac t ion  i s  of cur ren t  i n t e r e s t  

TWO recent  s tudies  by CLYNE and THRUSH (1962) and by MAHAN 

CLYNE and THRJSH (1962) have suggested a r eac t ion  mechanism 



t h a t  is  analogous t o  the n i t r i c  oxide-atomic oxygen reac t ion .  Ground 

s t a t e  CO and 0 recombine i n t o  a s t a t e  which undergoes a r a d i a t i o n l e s s  

c o l l i s i o n  i n t o  the  s t a t e  t h a t  f i n a l l y  r ad ia t e s .  Fig. 9,which i s  from 

t h e i r  work,shows the  energy l eve l s  appropriate  t o  the  following r eac t ion  

mechanism: 

5a 
k C O + O + M  t C 0 2  ( 3 B2) + M  

5b 
k 3 1 

C02 ( B2) + M -+ C 0 2  ( B2) + M 

C 0 2  ( 3 B2) + M 3 C 0 2  + M 
5c 

k 

1 
Cog ( B2) + C02 + hl) A5 

5d 
k 1 C02 ( B2) + M --c C 0 2  + M 

The i n t e n s i t y  of the  carbon monoxide flame bands i s  then equal  t o :  

1 

and t h e  pressure-independent rate coe f f i c i en t  i s  equal t o  

The r a t e  coe f f i c i en t s  reported by MAHAPJ' and SOLO (1962) and CLYNE and 

THRUSH (1962) and l i s t e d  i n  Table I11 have d i f f e r e n t  temperature depend- 

ences. Even a t  room temperature the  r a t e s  measured by the two experimental 

groups d i f f e r  by a f a c t o r  of 10 with the  Mahan-Solo value being higher.  

I n  addi t ion,  MA" and SOLO (1962) reported t h a t  molecular oxygen was e f f e c -  

t i v e  i n  deac t iva t ing  the exc i ted  carbon dioxide and they took care  t o  

minimize the  amount of oxygen present  i n  t h e i r  reac tor .  This means t h a t  



t h e  value of the deac t iva t ion  coe f f i c i en t  i n  equat ion 45 i s  d i f f e r e n t  

depending on the  nature  of t h e  deac t iva t ing  molecule, and t h a t  t h e  k 

t h a t  one group measured may have been d i f f e r e n t  from t h a t  which the  

o ther  group measured. 

chemiluminescent r a t e  coe f f i c i en t s  f o r  app l i ca t ion  t o  the  upper atmos- 

phere, the higher  repor ted  value may be t h e  most appropr ia te  s ince  it 

may ind ica t e  a l ack  of deac t iva t ing  reac t ions .  

t o  t h a t  employed i n  eva lua t ing  t h e  o v e r a l l  r a t e  coe f f i c i en t s .  

5d 

I n  attempting t o  evs lua t e  t h e  usefulness  of 

This c r i t e r i o n  i s  opposi te  

The following observation may be made af ter  reviewing these f i v e  

three-body recombination chemiluminescent mechanisms. Recombination 

i n t o  an intermediate  s t a t e  which then undergoes a r a d i a t i o n l e s s  t r a n s i -  

t i o n  appears t o  be the  rule ra the r  than t h e  exception. 

th is  r a d i a t i o n l e s s  t r a n s i t i o n  has not been c l e a r l y  demonstrated by 

experiment. 

the  t r a n s i t i o n  i s  t h e  key question. 

The nature of 

Whether o r  not a c o l l i s i o n  i s  always requi red  t o  induce 

UPPER ATMOSPHERE THREE-BODY REACTIONS 

Three-body r eac t ions  play a r o l e  i n  determining the  composition 

of t he  upper atmosphere and in  cont r ibu t ing  t o  t h e  e x c i t a t i o n  of t he  

night  airglow. Calculat ions of the  r eac t ion  rates of t he  three-body 

reac t ions  i n  t h e  upper atmosphere involving atomic n i t rogen  and atomic 

oxygen have been made by BARTH (1961b). 

reproduced a s  Fig. 3 of the paper by Branscomb i n  t h i s  volume, shows the  

p a r t i c l e  d e n s i t i e s  i n  the  upper atmosphere t h a t  are the r e s u l t s  of t he  

ca lcu la t ions .  The only two three-body r eac t ions  which make an important 

cont r ibu t ion  i n  determining the  composition of the  upper atmosphere a r e  

Fig. 1 of t h a t  paper, which is 



-21- 

t h e  recombination of atomic oxygen t o  form molecular oxygen and the  

r eac t ion  between atomic oxygen and molecular oxygen t o  form ozone. 

first of these  i s  important i n  the  90 - 110 km region and t h e  second 

i n  the region between 30 and 90 km. 

involving atomic ni t rogen a r e  rapid,  a two-body r eac t ion  between atomic 

ni t rogen and molecular oxygen determines t h e  atomic n i t rogen  densi ty .  

The 

Although t h e  three-body reac t ions  

The f i v e  three-body chemiluminescent reac t ions  l i s t e d  i n  

Table I11 a r e  p o t e n t i a l  cont r ibu tors  t o  t h e  n ight  airglow of p lane ts .  

The rates of formation of exc i t ed  molecules by three-body r eac t ions  

were a l s o  ca l cu la t ed  by BARTH (1961b). Fig. 10 i s  a r e p r i n t  of those 

results. The ca l cu la t ions  were made using the  o v e r a l l  rate c o e f f i c i e n t s  

f o r  t h e  r eac t ions  corresponding t o  those i n  Table I1 of t h i s  paper. 

determine t h e  a c t u a l  rate of emission from these  reac t ions ,  it i s  neces- 

s a ry  t o  mul t ip ly  the  results of Fig. 10 by the  r a t i o  of t he  appropriate  

chemiluminescent r eac t ion  r a t e  t o  the  o v e r a l l  r eac t ion  rate. For the 

f i v e  r eac t ions  l i s t e d  i n  Table 111, t h i s  r equ i r e s  a proper app l i ca t ion  

of equat ions 10, 16, 25, 32, 33, 40, and 47. The atomic n i t rogen  den- 

s i t y  i s  f a r  t o o  l a w  i n  the  e a r t h ' s  atmosphere f o r  r eac t ion  1 of Table I11 

t o  produce n i t rogen  f i r s t  pos i t i ve  bands t h a t  are observable. 

observat ion of n i t r i c  oxide bands a c t u a l l y  o f f e r s  a more s e n s i t i v e  tech-  

nique of de t ec t ing  atomic ni t rogen i n  t h e  upper atmosphere. However, 

the r a t e  c o e f f i c i e n t  given i n  Table I11 and the  ca l cu la t ion  i n  Fig. 10 

ind ica t e  t h a t  the  i n t e n s i t y  of the  e n t i r e  beta  band system should be 

only of t h e  order  of lo-* Rayleighs. 

t h a t  has much less molecular oxygen than  t h e  ea r th ,  such a s  Mars, the  

To 

The 

However, i n  t he  airglow of a p lane t  



i n t e n s i t y  of t h i s  system may be g rea t e r  (BARTH, 1 9 6 1 ~ ) .  The i n t e n s i t y  

of the  airglow cont r ibu t ion  from n l t r i c -ox ide  gamma and delta bands and 

nitrogen-dioxide bands cannot be ca l cu la t ed  because the  labora tory  

experiments were not conducted a t  a pressure  low enough t o  determine 

the  pressure  dependence of the  emission. However, Fig. 10 shows t h a t  

t h e  v a r i a t i o n  w i t h  height  of t he  ni t rogen dioxide emission has a double 

maximum, one a t  70 or 80 km and the  o ther  a t  100 km. 

the he ight  d i s t r i b u t i o n  of the continuum of the n ight  airglow by Naval 

Research Laboratory rocket  experiments have shown a double maximum a t  

t hese  heights .  (See Fig. 8 of PACKER (1961).) The pressure dependence 

of the carbon-monoxide atomic-oxygen chemiluminescence has  not been 

determined, and hence t h e  ca lcu la t ion  of i t s  airglow i n t e n s i t y  i s  not 

yet poss ib le .  

t o  the e a r t h ' s  airglow, bu t  it may be important i n  t h e  night  airglows 

of Mars and Venus. 

Measurements of 

It i s  not expected t h a t  t h i s  emission w i l l  cont r ibu te  

Disappointingly,  t he  airglow i n t e n s i t y  of t h e  molecular oxygen 

Herzberg and atmospheric bands cannot be ca l cu la t ed  from the  r e s u l t s  

quoted i n  Table 111. 

not been measured, and t h e  labora tory  measurements of t he  atmospheric 

bands appear t o  be dominated by w a l l  c o l l i s i o n s .  

t he  labora tory  measurements recognized the d i f f i c u l t y  i n  applying t h e i r  

The pressure dependence of the Herzberg bands has  

The workers who made 

r e s u l t s  t o  the upper atmosphere, ba t  it is not  c l e a r  why t h i s  prompted 

them t o  s t a t e  t h a t  the recombination of atomic oxygen i s  incapable of 

producing the observed airglow (YOUNG and SHARPLESS, 1962b). 

l abora tory  results do not prove t h i s ;  they  a r e  simply not appl icable .  

Their 
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Information about the  r a t e  c o e f f i c i e n t s  of t he  r eac t ions  lead ing  

t o  the  emission of t he  Herzberg and atmospheric bands can be determined 

by examining t h e  height  p r o f i l e s  of t h e  emissions obtained i n  rocket  

experiments (BARTH, 1962a). The a l t i t u d e  p r o f i l e  of t he  oxygen airglow 

t h a t  w a s  presented by PACKER (1961) a t  t h e  1960 Symposium on Aeronomy 

i s  reproduced i n  Fig. 11. 

occurs a t  95 km, while t h e  ca lcu la ted  he ight  p r o f i l e  i n  Fig. 10 shows a 

maximum a t  80 km. 

of molecular oxygen w i t h  no deact ivat ion.  

mum a t  95 km shows t h a t  molecular deac t iva t ion  must be occurr ing up t o  

at  least 95 km. The i n t e n s i t y  of t h e  Herzberg bands i s  descr ibed by 

equat ion 31 w i t h  t he  r ad ia t ive  term dominating above 100 km and the  

The maximum i n t e n s i t y  of t h e  Herzberg bands 

These ca lcu la t ions  were made f o r  three-body e x c i t a t i o n  

The measurement of t he  maxi- 

molecular deac t iva t ion  

I =  

I =  

term below 100 km. 

> 100 km 
< 100 km 

13 Because the n e u t r a l  p a r t i c l e  dens i ty  a t  100 km, [MJ , i s  equal  t o  10 

par t$c l e s  k / must be of t h e  order  of cm3 if molecular 
3b A3 

deac t iva t ion  is t o  dominate. Since t h e  observed Herzberg i n t e n s i t y  i s  

of t h e  order  of 1 ki loray le igh  and the oxygen atom dens i ty  a t  100 km i s  

1OI2 k from equation 32 i s  equal  t o  cm sec  . The three-  3 
body r a t e  coe f f i c i en t ,  k 

1 d 4  cm6 sec- l .  

3 -1 

then needs t o  have a value of t he  order  of 
3a' 

The height  p r o f i l e  of the atmospheric bands a l s o  shows a maxi- 

mum near 95 km; hence, the  argument f o r  molecular deac t iva t ion  being 



prevalent  up t o  t h i s  height appl ies  here  a s  well .  

t o  equat ion 41 and 42 w i l l  describe the  i n t e n s i t y  d i s t r ibu t ion .  

however, t he  measured i n t e n s i t y  of t he  atmospheric bands i s  14.5 k i lo -  

rayleighs (PACKER, 1961), t h e  order  of magnitude values  f o r  t h e  r a t e  

coe f f i c i en t s  become the  following: k = 10 

Equations analagous 

Since, 

-20 -1 em3 sec , k3,b/A3t = 3' 
6 -1 em3, and k = cm sec . Because the  i n t e n s i t y  of t he  

3 ' a  
(0 ,  0) atmospheric band i s  determined by molecular deac t iva t ion  below 

100 km, t h e  resonance r e rad ia t ion  of t h i s  band t h a t  has been ca lcu la ted  

by CHAMBERLAIN (1954) does not have the  opportunity t o  take  place and 

produce t h e  lowering of t h e  i n t e n s i t y  maximum t h a t  he predicted.  

The most famous upper-atmosphere three-body r eac t ion  is  what has 

been c a l l e d  the  Chapman mechanism of the  5577 A night  airglow l i n e  of 

atomic oxygen. Thir ty- three years ago CHAPMAN (1931) proposed with a 

g rea t  dea l  of i n s igh t  t h a t  the energy source of t he  night  airglow green 

l i n e  resided i n  the  dissociated oxygen i n  the  upper atmosphere. 

t h a t  time the theory has  been amplified with a long-popular vers ion hav- 

ing t h e  oxygen atom becoming exc i ted  i n  a three-body r eac t ion  with two 

o ther  oxygen atoms. 

o r i g i n a l  idea is  given here  (BARTH, 1961d). 

Since 

A somewhat more complicated vers ion of Chapman's 

Two oxygen atoms recombine i n  a three-body c o l l i s i o n  t o  produce 

an oxygen molecule i n  an  e l e c t r o n i c a l l y  exc i ted  s t a t e .  This exc i ted  

molecule w i l l  e i t h e r  r ad ia t e  o r  undergo a deac t iva t ing  c o l l i s i o n  w i t h  an 

oxygen atom. If t h e  e l ec t ron ica l ly  exc i t ed  molecule l i e s  i n  c e r t a i n  

v ib ra t iona l  leve ls ,  t he  e l ec t ron ic  energy of t h e  molecule may be t r ans -  

f e r r e d  t o  the atom t o  produce an oqygen atom i n  a 'S s t a t e  from which 



the 5577 A l i n e  i s  subsequently rad ia ted .  

a l s o  suscept ib le  t o  deact ivat ion.  

by the  following set of equat ions:  

The exc i t ed  oxygen atom is 

These reac t ions  may be represented 

* 
O + O + M - - t 0 2  + M  

o* * + o - 0 2 + o  * 

* o2 + o - 0  + o  2 

* 
O2 + M 3 0 2 + M  

O*- 0 + h V  

* 
0 + M - c O + M  

k6a 

k6b 

k6c 

k6d 

As 

k6e 

The exc i t ed  oxygen molecule i n  equation 43 may be i n  e i t h e r  t h e  

1 c C or 

and 47 

l i n e .  

by the  

C'A state. 
1 i s  i n  t h e  S s t a t e .  

The i n t e n s i t y  of t h e  5577 A l i n e  from these  r eac t ions  i s  given 

following expression:  

(See Fig. 7. ) The exc i t ed  atom i n  equations 44 

The hV of equat ion 47 refers t o  t h e  5577 A 

The deac t iva t ion  rate coe f f i c i en t  of t he  exc i t ed  atom, kse, has been 

measured by BARTH and HILDEBRANDT (1961) and found t o  be 4.5 x 

Using t h e  value of 1.28 sec - l  for As, t h e  r a d i a t i v e  t r a n s i t i o n  p robab i l i t y  

of the  5577 A l i n e ,  l eads  t o  the r e s u l t  t h a t  t he  h ighes t  l e v e l  i n  the  atmos- 

phere where atom deac t iva t ion  can occur i s  80 km, where the p a r t i c l e  dens i ty  

i s  3 x 10 cm . Observations of the green l i n e  i n  meteor wakes show 

l i t t l e  deac t iva t ion  down t o  80 km (HALLIDAY, 1960). 

cm3 sec - l .  

1 4  -3 
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It has been argued t h a t  t h e  intermediate  metastable oxygen 

molecule is  deac t iva ted  below 100 krn by c o l l i s i o n s  with molecules, 

equat ion 46, and above 100 km by c o l l i s i o n s  with atoms, equat ion 45, 

(BARTH, 1962b). Using t h i s  assumption, t h e  i n t e n s i t y  of t h e  5577 A 

l i n e ,  equat ion 49, w i l l  have the fol lowing dependences f o r  t h e  i n d i -  

ca t ed  a l t i t u d e  regions : 

PI2 PI I =  k6a k6b 

Ik6b + k 6 ~ )  

k6a k6b 

k6d 
I =  

k6a k6b % I =  
' k6d k6e 

> 100 km 

< 100 km 
> 80 km 

< 80 km 

The argument f o r  molecular deac t iva t ion  being t h e  dominant 

deac t iva t ion  mechanism i s  based on an examination of t h e  rocket r e s u l t s  

i n  Fig. 11. Above 100 km, both t h e  Herzberg bands and t h e  5577 A l i n e  

fol low t h e  same dependence w i t h  he ight .  

c r ibed  by equat ion 41 f o r  t h e  Herzberg bands and equation 50 f o r  the 

5577 A l i n e .  Immediately below 100 km, t h e  5577 A i n t e n s i t y  f a l l s  o f f  

more r ap id ly  than  the Herzberg bands which has  been in t e rp re t ed  a s  i n d i -  

ca t ing  a dependence on a higher power of t h e  atom densi ty .  Equation 51 

g ives  the i n t e n s i t y  dependence of t h e  5577 A l i n e  a s  t h e  t h i r d  power of 

the  atomic oxygen dens i ty  while equat ion 42 has the Herzberg bands degendent 

on the  second power. 

These he ight  p r o f i l e s  a r e  des- 



Some order  of magnitude es t imates  may be made of t h e  r a t e  

c o e f f i c i e n t s  i n  the  5577 A mechanism. For t h e  t r a n s i t i o n  between 

molecular deac t iva t ion  and atomic deac t iva t ion  t o  occur a t  100 km, 

where the  neu t r a l  p a r t i c l e  dens i ty  [MI i s  t e n  times the  oxygen atom 

dens i ty  LO] , 

Using t h e  observed i n t e n s i t y  of t h e  5577 A l i n e  of 250 Rayleighs, a 

l aye r  th ickness  of 10 cm, and equat ions 50 and 51, 6 

6 -1 k6a k6b = 2.5 x 1 0 - 3 ~  cm sec  . 
k6d 

Since t h e  ove ra l l  rate coe f f i c i en t  for atomic oxygen three-body recombi- 

6 -1 na t ion  i s  2 .8  x cm sec (Table 11), k6a may be no g r e a t e r  than  

it and 

(54)  

The mechanism requi res  t h a t  oxygen atoms be exc i t ed  t o  t h e  'S state i n  

g r e a t e r  than  1% of the  reac t ions  of atomic oxygen wi th  t h e  metastable 

oxygen molecules, equations 44 and 45. 

equat ion 46, needs t o  be only one-tenth a s  e f f e c t i v e  a s  t h e  atomic 

deac t iva t ion ,  equation 45. 

The molecular deac t iva t ion ,  

CONCLUSION 

Laboratory experiments have made a s u b s t a n t i a l  cont r ibu t ion  i n  

determining t h e  o v e r a l l  r eac t ion  r a t e s  of three-body r eac t ions  t h a t  a r e  

necessary f o r  the  ca lcu la t ion  of atom d e n s i t i e s  i n  the  upper atmosphere. 

The d i f f i c u l t i e s  and l imi t a t ions  of labora tory  apparatus i n  measuring 



t h e  reac t ions  of exc i t ed  atoms and molecules and the  r a t e  coe f f i c i en t s  

of t h e  chemiluminescence react ions have become apparent.  There a r e  

, some reac t ions  t h a t  can bes t  be measured i n  t h e  upper atmosphere and, 

i n  t h e  b e s t  t r a d i t i o n  of geophysics, t he  study of these  reac t ions  i n  

t h e  geophysical environment may make a fundamental cont r ibu t ion  t o  t h e  

science of r eac t ion  k ine t i c s .  
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TABLE I. Typical Dimensions and Physical Conditions i n  

Laboratory Experiments on Atom Reactions. 

Pressure 0.1 - 1ommHg 

Diameter 10 - 50 

P a r t i c l e  Dens i t ies  3 x 10~5 - 3 x 1 0 ~ 7  cm-3 

Co 1 1 is  ion  Fre que nc y 3 x 105 - 3 x 10 sec 
-- 1n5 - j x := 4 aec -1 

7 -1 

w ai i Coil i s i OKi FI%e que iicy 2.5 x LU 
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Fig. 1. Discharge flow system. Atoms a r e  produced i n  a discharge 

a t  low pressures  and pmped through the  r eac t ion  tube.  The 

r a t e  of decay of t he  l i g h t  emission from t h e  recombining 

atoms i s  measured by the movable photomult ipl iers .  

Fig. 2. Computer so lu t ion  of r e a c t i o n  rate equat ions.  S ix  simultaneous 

d i f f e r e n t i a l  equations t h a t  descr ibe  nine r eac t ions  were 

in t eg ra t ed  on a high-speed computer. The r e s u l t i n g  change 

of dens i ty  wi th  time is p l o t t e d  f o r  each of t he  atom and mole- 

cule  species  involved. Two approximate a n a l y t i c  so lu t ions  are 

shown for comparison. 

Fig. 3. Apparatus for t he  simultaneous measurement of atom dens i ty  

and l i g h t  emission. The atoms are produced i n  a microwave 

discharge and pumped i n t o  an observat ion tube where a 

simultaneous measurement of t he  atom d.ensity and l i g h t  emission 

i s  made. 

Fig,  4. Simultaneous observation of atom d e n s i t i e s  and af terglow 

emissions. 

were produced by t i t r a t i n g  atomic ni t rogen wi th  n i t r i c  oxide. 

%e atom d e n s i t i e s  were measured wi th  an e l e c t r o n  paramagnetic 

resonance spectrometer and t h e  ni t rogen first p o s i t i v e  bands, 

t h e  orange glow, and the n i t r i c  oxide be ta  bands, t he  blue glow, 

were measured wi th  photometers. 

Varying amounts of ni t rogen atoms and oxygen atoms 

Fig. 5. Energy l e v e l  diagram of molecular ni t rogen.  



-37 - 

FIGURES ( cont ' d )  

Fig. 6. Energy l e v e l  diagram of n i t r i c  oxide.  

Fig. 7. Energy l e v e l  diagram of molecular oxygen. 

Fig. 8. Energy l e v e l  diagram of n i t rogen  dioxide.  (Reproduced from 

BROIDA, SCHIFF, and SUGDEN, 1961.. ) 

Fig. 9. Energy l e v e l  diagram of carbon dioxide.  (Reproduced from 

CLYNE and THRUSH, 1962. ) 

Fig. 10. Calculat ion of reac t ion  r a t e s  of three-body reac t ions  i n  t h e  

upper atmosphere. (Reproduced from BARTH, 1961b. ) 

Fig. 11. Measurements of the height  p r o f i l e  of t h e  oxygen night  airglow 

by Naval Research Laboratory rocket  experiments. 

from PACKER, 1961. ) 

(Reproduced 
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